The photofragment spectrum of N: + + N + ('Ps ) + N + ('Ps ) has been studied using a coaxial laser-ion beam spectrometer. Transitions from the excited 38,+ (u = 0,l) state of Nz + to the predissociative 3111, (L, = 0) state result in two bands with dense rotational structure at 15 300 and 13 100 cm -'. A complete analysis of the 27 rotational branches associated with the 311,(u=o)+ "2: (U = 0) transition provides bond lengths and spectroscopic constants for both states. A perturbation is observed in the (0,O) band, caused by the interaction of 'LX,.? (u = 0) with 311U ( uz 10). From a deperturbation analysis, the coupling constants and the energy difference between the 311u (u=: 10) and 'Z,+ (U = 0) states are determinedc= 1.5 f 0.1 cm-', r] = 0.220 f 0.003 cm-', and r,, = 365 f 25 cm-'. A broad unstructured band at 16 400 cm -' arises from a transition out of u = 0 in the 38,+ state into a very short-lived u = 1 level of the 311g state. Vibrational spacings between u = 0 and u = 1 in both electronic states are determined-'2: o0 = 2210 f 20 cm -' and 311, w,, =: 1100 cm -'. The fragmentation of N$ + is explored by measuring the dependence of predissociation lifetimes on the rotational quantum number of the 311, (u = 0) state. Experimentally determined lifetimes of 50-70 ps for N' = 2-17 are almost independent of N' and indicate that the predissociation occurs by the interaction of 311, (u = 0) with the 'Z; continuum rather than by tunneling through the 311s barrier.
I. INTRODUCTION
Doubly charged diatomic ions in low-lying electronic states are unique metastable species with unusual bonding and dissociation properties. While Coulomb repulsion is the dominant force between two positively charged atomic ions at large internuclear distances, attractive chemical forces can be present at close range, resulting in diatomic dications which are bound in metastable potential wells. Dications exhibit a wide range of lifetimes against predissociation, depending on the position of the vibrational-rotational level with respect to the barrier height. In vibrational-rotational levels near the top of the Coulomb barrier, dissociation by tunneling becomes rapid with a large kinetic energy release. Because of their unexpected stability and unusual dissociation dynamics, the quasibound states of dications are particularly interesting for both experimentalists and theorists.
The earliest theoretical prediction that a doubly charged diatomic ion could show bound character was made in 1933 by Pauling,' who proposed that He: + could form a stable species since its two electrons would fill a bonding molecular orbital. Since then, two different qualitative models have been proposed to explain the origin of the metastable potential wells of doubly charged diatomics. The first model, presented by Hurley and Maslen,2S3 extends Pauling's molecu- ' ) Present address: Naval Ocean Systems Center, Code 554, 27 1 Catalina Blvd., San Diego, CA 92152-5000. b, JILA Visiting Fellow 1990 lar orbital picture of bonding in dications to include first row diatomics. Essentially, this model describes a dication's potential energy curve as the sum of attractive chemical forces and Coulomb repulsion. Quasibound dication states are predicted to exist if the isoelectronic neutral or singly charged species is bound deeply enough to overcome the Coulomb repulsion. The bond strength of the dication relative to its neutral precursor is understood in terms of the bonding character of the molecular orbitals from which the electrons are removed upon ionization. By scaling experimentally known potential energy curves of the isoelectronic species, approximate potential curves for dications can be derived. Of course, this procedure is limited to known states of the isoelectronic species. In an alternate model, Dorman and Morrison4 describe the quasibound states of the dication AB ' + in terms of the l/R Coulomb repulsion ofA + + B + and the a/( 2R 4, charge-induced-polarization attraction of A 2 + + B. If the curves arising from these two interactions have the same symmetry, an avoided crossing can result in two adiabatic electronic states for the dication in which the lower state could support quasibound vibrational states. Gill and RadomsS6 expanded this avoided crossing model by including important diabatic coupling and polarization effects, thus developing a semiquantitative method for predicting the molecular structure at the top of the Coulomb barrier and the kinetic energy released upon dissociation. Quantum-chemical calculations'-" on bonding in dications have been carried out by several groups at various levels. Recently, high level ab initio studies by Senekowitsch and ONeil ' ' have investigated the origin of quasibound dica-tion states using a multireference configuration-interaction calculation. Subtraction of the Coulomb repulsion from the calculated dication potential energy curve results in a potential well which closely resembles that of the isoelectronic neutral species and has the same dominant electronic configurations. This indicates that while the charge-induced-polarization interaction may contribute to the stability of a dication, the avoided crossing model described above is not primarily responsible for the stability of dications. Rather, the metastable wells of dications result primarily from the addition of ordinary chemical bonding and Coulomb repulsion, as was proposed initially by Hurley and Maslen. ' The electronic states of dications have been investigated experimentally by a number of diverse techniques. Stable dications were first reported12p13 in the 1930s when mass spectral peaks appearing at half-integer mass-to-charge values were attributed to long-lived states of CO2 + and NO2 + . Many of the first and second row diatomics are now known to support quasibound dication states including He: + .14s1 ' The spontaneous fragmentation of dications has been studied using fragment ion kinetic energy measurements16-19 and time-of-flight collection of the fragment ion pairs.2o-24 Both types of experiments have provided information on lifetimes and the kinetic energy released upon dissociation and in some cases have given qualitative evidence for the existence of excited electronic states. The stability of excited dication states has also been suggested by threshold electron impact4 and photoionization studies and by Auger,2"28 double charge transfer,29 and translational energy 10s~~~~~~~~ spectroscopy. However, the most detailed information on the electronic states of dications comes from emission3b42 and photofragmentation43+' studies on N: + .
Doubly charged molecular nitrogen has received considerable attention in studies on the electronic states of dications. Theoretically, N: + is small enough to be tractable using high level electronic structure calculations and experimentally has been the subject of several detailed optical studies. It is isoelectronic with C, and is thus expected to have a number of low-lying singlet and triplet states corresponding to the lowest energy dissociation asymptote. One also expects Ni + to have a '8: ground state with a nearly degenerate 311u state.45 Ab initio calculations done by several groups'-" indicate that there are eight low-lying quasibound states for Ni + that dissociate to ground state N + fragments. A multireference configuration-interaction calculation by Senekowitsch et aLlo using a large basis set (valence triple zeta plus diffuse functions) results in the potential energy curves shown in Fig. 1 (Ref. 10) The energy scale is set to zero at the N + ('I',) + N+ ('P,) dissociation limit.
(u = 0). The radiative lifetime of the D state has been measured to be 6-8 ns.37Y38 The 'II, state is the second excited N: + state studied in detail. The *II, +X '2: .transition has been studied with photofragment spectroscopy43 between 14 900 and 19 500 cm -'. Using an intracavity coaxial laserion spectrometer with -2 cm-' resolution, Cosby et aL4j assigned five structured bands to transitions from the u = 0, 1, and 2 levels of the X '22 state into three predissociative vibrational levels of the 'II, state. High resolution photofragment studies of Nz + isotopes by Masters and San-e4 determined the vibrational numbering of one upper state vibrational level as u = 7. Thus, the three vibrational levels of the 'II, state reported by Cosby et al. correspond to u = 6,7, and 8. The 'II, state is calculated" to lie 1.6 eV above the N: + ground state. Predissociation linewidths4' corresponding to lifetimes of 150 ps were measured by Cosby et al. with 0.003 cm -' resolution for nine rotational levels in u = 7. The linewidth measurements were collected by velocity tuning the ion beam and were limited to coincidental spectral overlap with the 5 145 A line of a single mode argon ion laser. In addition to the detailed assignments of the 'II, +X '"8' transition, Cosby et al. reported , without assignment, a structured band at 15 300 cm -' and a broad structureless feature at 16 400 cm -'.
Experimental information on the triplet states of N: + is much more sparse. Kinetic energy release studies on Nz + have made tentative assignments to fragmentation occurring from triplet states. 25 Multiphoton excitation studies4' on N, using 248 nm excitation show rotationally unresolved emission at 55.8 nm. This emission was assigned4* as terminating in an excited 3111, state of N: + which remains bound for at least 20 ps before dissociating. The ab initio calculations of Wetmore and Boyd' have suggested that the structured feature at 15 300 cm -' in Cosby et d's Nz + photo-fragment spectrum may be associated with a transition from the low-lying 311U state into a predissociative vibrational level of the 32; state. However, they make no definitive assignment.
We have investigated the two unassigned bands in the photofragment spectrum of Ns + at 15 300 and 16 400 cm -' using a single pass coaxial laser-ion beam photofragment spectrometer. Recently, we have published a brief note on the electronic state assignment of the two ba.nds. 49 In this paper, we present a complete description of our observations and a detailed explanation of the experimental apparatus and the methods of analysis. We report the presence of an additional band at 13 100 cm-'. A perturbation affecting higher rotational levels is discussed and coupling constants and molecular constants for the perturbing state are obtained using deperturbation analysis. Finally, to investigate details of the dissociation process, linewidths of 21 individual rotational levels in the upper state have been measured using high resolution spectroscopic techniques. Lifetimes of the upper state are presented and fragmentation dynamics of N2 + are discussed.
II. EXPERIMENT
A schematic of the coaxial laser-ion beam spectrometer used to record the photofragment spectrum of Nz + is shown in Fig. 2 . Essentially, a mass selected ion beam of N:+ is generated, accelerated to 4.6 keV, and merged coaxially with the output of a tunable laser. The relative photodissociation cross section is obtained by monitoring the appearance of fragmentation products as a function of photon energy. The fragment ions are spatially separated from the parent beam in an electrostatic energy analyzer and are collected in coincidence using particle multipliers. The coaxial interaction geometry and the acceleration of the ion beam provide The coaxial laser-ion beam spectrometer used for these experiments was designed originally for threshold negative ion photodetachment studies.51*s2 Extensive modifications have been made for dication production and fragment ion detection. Construction of a differentially pumped ion source has proven essential for dication production by minimizing losses due to charge transfer and collisionally induced dissociation. Detection of the fragment ion pairs entailed substantial modification of an existing quadrupole deflector, construction of a 90" parallel plate deflector, and design of a coincidence detection scheme. These experimental modifications are described in detail below followed by a description of the laser systems used and the methods of data collection.
A. Ion beam production
The N: + ions are formed by electron impact on an effusive beam of N, using a 3-4 mA beam of 120 eV electrons and subsequently drift into a differentially pumped region. Ions with mass to charge ratio m/q = 14 are mass selected with a 90" magnet, collimated, and accelerated to 2.3 keV/q. Quadrupole deflectors (QDl, QD2) are used to merge and demerge the mass selected ion beam with the laser in a 30 cm coaxial interaction region. The transit time of the ion beam in the interaction region is -2.5 ps. The second quadrupole deflector (QD2) bends the parent beam 90" from the interaction region and spatially separates the parent ion beam from fragments formed in the interaction region. Separation and detection of the photofragments is described in detail in Sec. II B. The parent beam then enters a 90" parallel plate deflector and is guided into a Faraday cup (FC) where the ion current is monitored. The mass selected parent beam consists of both N + and N g + . Typical total m/q = 14 ion currents are 150 pA; from known electron impact ionization cross sections,')-" we estimate that at least 5%-10% of this is NX+.
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The spectral resolution obtainable with the coaxial laser-ion beam spectrometer is governed by the angular divergence and the velocity spread of the ion beam and the linewidth of the laser. The limiting factor in this study is the velocity spread of the ion beam. Acceleration of the ion beam to 2.3 keV/q results in Doppler broadening of less than 300 MHz. This value represents an upper limit on the velocity spread in the ion beam which results from extracting ions out of the electron impact ion source. The lower limit for the velocity distribution formed in this source has not been determined experimentally in this work because the fragmentation linewidths for N:+ are ten times greater than the upper estimate of 300 MHz. The counterpropagating coaxial interaction of the laser and ion beams Doppler shifts the molecular absorption by -9 cm -r . Our observation of a dissociation process is restricted by the lifetime of the dissociating state, ranging from 5 ps to 2.5 ps. Only those ions that fragment during the 2.5 ,US transit time through the interaction region will be detected. If dissociation from a given rotational state occurs in less than 5 ps, the rotational linewidth will be broadened to more than 1 cm-' and the spectral peak will be indistinguishable from continuum background dissociation, given the signal levels of our experiment.
Upon dissociation of a homonuclear diatomic dication, typically 5-10 eV of kinetic energy is released with respect to the center of mass. While the angular distributions of the fragmentation products are generally complex, for simplicity we will consider only the forward and backward dissociated fragments with respect to the parent ion beam. In a fast ion beam, the kinetic energy of the nascent fragments Ef in the laboratory is given by where Ep is the kinetic energy of the parent beam and E, is the kinetic energy released upon dissociation. For a 4.6 keV beamofN:+, a 10 eV kinetic energy release transforms into an approximate 400 eV difference in the kinetic energies of the forward and backward fragments. The second quadrupole deflector (QD2) acts as an electrostatic energy analyzer and can readily separate ions with such large differences in translational energy. The quadrupole deflector is adjusted so that N:+ and N+ ions formed in the source region pass through at 90", while the forward and backward dissociated fragments, with greater and lesser kinetic energies, respectively, are on either side of the parent beam. The exit slit of the quadrupole has been widened to allow passage of fragments with an energy difference in the laboratory frame of up to 800 eV, making the energy analyzer useful for studies on more energetic fragmentation processes. The three ion beams (N + forward fragments, N + backward fragments, and unreacted N: + and N + ) are decelerated upon exiting the quadrupole to enhance the angular divergence of the fragment ion beams from the parent ion beam. After passing through a 90" parallel plate deflector, the fragments are reaccelerated to beam energy, travel an additional 40 cm, and are collected on individual 2.5 cm diameter microchannel plate (MCP) detectors which are operated in pulse counting mode. The pulses from each detector are amplified, discriminated, and used in a coincidence detection scheme.
Coincidence counting of the fragment ion pairs is used to discriminate against stray ions from the parent beam. The -400 eV kinetic energy difference between the forward and backward dissociated fragments results in a range of flight times to the detectors. Fragment pairs that are formed at the beginning of the interaction region have an -300 ns difference in their times of flight. Dissociation that occurs at the end of the interaction region results in fragment pairs with a flight time difference of -200 ns. Forward dissociated fragments arrive at the left detector and trigger a delayed time window. If the backward dissociated fragment arrives within the triggered time window, it is counted as a real fragmentation event. The window and delay are varied to maximize the coincidence signal. Typical coincidence signals for resonant transitions are l-2 kHz with detector signals of 5-10 kHZ.
C. Laser systems
The two tunable lasers used in this study are a homebuilt cw dye laser using Rhodamine 6G dye (570-655 nm) or DCM dye (610-680 nm) and a modified commercials6 Ti:sapphire laser (700-1000 nm) . The dye laser was used for thebandsat 15 300and 16 4OOcm-', whilethe 13 lOOcm-' band was investigated with the Ti:sapphire laser. Both lasers are pumped with -7 W from all lines of an argon-ion laser. The output of each tunable laser is focused into the interaction region near the entrance to the second quadrupole deflector. The mode structure of each tunable laser is monitored with a scanning Fabry-Perot etalon and the frequency is calibrated using a traveling Michelson interferometer.57
Dye laser
The dye laser can be operated in three distinct configurations, depending on the resolution needed. For the lowest resolution scans, the laser cavity is linear with a three plate birefringent tuner (BRT) as the only frequency selective device and -1 W output power. The BRT allows a 1 cm -' wide envelope of cavity modes to lase. Tuning is accomplished by rotating the BRT with a computer controlled stepper motor.
For medium resolution scans, addition of a thin etalon to the linear dye laser cavity permits a lasing bandwidth of l-2 GHz with 750 mW output power. The thin etalon is mounted on a rotating galvanometer for tuning. The tuning range of the thin etalon is determined by its'free spectral range of 6 cm -'. Thus scanning is accomplished by tuning 6 cm-' with the thin etalon, then hopping the BRT to the next scanning interval. Thin etalon rotation is computer driven, but is not linear in frequency throughout a scan; a fixed distance Fabry-Perot etalon with a 0.5 cm-' free spectral range is used to calibrate the frequency over each scan.
For high resolution linewidth measurements, the linear dye laser is converted to a single mode tunable ring laser with a 10 MHz bandwidth and 250 mW output power by the addition of a unidirectional device, a scanning thick etalon, and a Brewster plate on a galvanometer. Cavity mode tuning is accomplished by rotation of the Brewster plate with simultaneous adjustment of the piezoelectrically driven thick etalon to prevent mode hopping. The scan length is determined by the thick etalon free spectral range, in this case, 2.5 cm -'.
Tksapphire laser
The Ti:sapphire laser used in this study is available commercially56 in a ring configuration with a BRT, a fixed position thin etalon, and a unidirectional device. The crystal lases from 700-1000 nm with three mirror sets, the bluest of which is used here (700-800 nm) . In this configuration, the crystal can be pumped with up to 8 W from all lines of the argon-ion laser and provides 850 mW of single mode light without additional frequency selective devices. At higher pump powers, however, several cavity modes are present.
Modifications to the ring cavity allow various levels of resolution and tuning capability to be achieved. To measure the line positions of the 13 100 cm-' band, a thin etalon mounted on a galvanometer replaces the fixed position thin etalon to provide scanning in 6 cm -' increments with 800 mW output power. For most of these scans, the laser remains single mode without electronic locking. For high resolution measurements, where single mode operation is required, the ring can be converted into a scanning single mode laser with electronic locking by the addition of a scanning thick etalon and dual Brewster plates mounted on galvanometers. Typically, output powers of 600 mW can be achieved with all elements in the cavity, while pumping with 7 W from the argon-ion laser. With minor adjustment, the dye laser electronics are used to lock and scan the Ti:sapphire laser 2.5 cm -' with 5 MHz resolution.
III. RESULTS AND DISCUSSION
A. Spectral analysis D. Data acquisition Spectra are collected by monitoring the coincidence photofragment signal as a function of laser frequency. All scans reported here have been obtained using computer controlled laser scanning and data collection. The laser cavity is external to the ion beam to avoid the doubling of spectral lines which is inherent to coaxial intracavity experiments. The coincidence signal, laser power, and ion current are monitored simultaneously during each scan to yield a relative photodissociation cross section. The relative cross section is given as Three vibrational bands in the photofragment spectrum of N: + have been investigated near 13 100, 15 300, and 16 400 cm -' . The electronic state assignment and vibrational quantum numbering for each band are presented below, followed by a detailed rotational analysis of the 15 300 cm -' band. These bands correspond to transitions between vibrational levels in two low-lying excited electronic states of Nz + . The bands at 15 300 and 13 100 cm -' have resolved rotational structure and correspond to transitions originating from u = 0 and 1 in the lower state and terminating in u = 0 of the upper state. The rotational lines in these two bands are lifetime broadened, corresponding to fragmentation lifetimes of the rovibronic levels in the upper state. The band at 16 400 cm -' shows no sharp features and is assigned to a transition from u = 0 in the lower state to a very shortlived u = 1 level in the upper state. where the coincidence signal intensity Icoincidence has units of counts per second, the laser intensity I,,,,, has units of photons per second, and the ion current Ii,, has units of ions per second. The spontaneous dissociation of metastable N: + (typically -100 Hz coincidence signal) is measured prior to each scan and subtracted from the total coincidence signal to give the photon-induced coincidence signal. The photon energy for each 6 cm -' scan is calibrated and Doppler corrected to yield the interaction photon energy. With conditions of 150 pA ion current and 700 mW laser power, the maximum coincidence signal seen is -2.5 kHz for the strongest resonances.
The photofragment spectrum of N$ + -N + + N + between 15 100 and 15 420 cm-' is shown in Fig. 3 . Investigation of this band at l-2 GHz resolution reveals a red-degraded band which consists of over 350 rotationally resolved lines. The number of lines observed in this band is much greater than would be expected for a transition between singlet states of a diatomic molecule at room temperature, suggesting that the electronic states involved have multiplicity greater than one. The calculated potentials" shown in Fig. 1 indicate that there are two possible transitions involving low-lying excited triplet states with transition energies near the applied photon energy "2; c 311U and 311g c '2,'. Initially, both possibilities were considered, but the detailed rotational analysis described below demonstrated that the structured band at 15 300 cm-' corresponds to the 31-11, c 38 + transition. Furthermore, the 38,f state of N: + is readily firmed upon electron impact ionization of neutral
The observed linewidths are all greater than 2 GHz and BRT and medium resolution thin etalon scans were collected for the three bands at 16 400, 15 300, and 13 100 cm- '. lo Thirty isolated transitions in the 15 300 cm -' band corresponding to 2 1 individual rotational levels in the upper state were investigated using the single mode ring laser for accurate linewidth measurements. For these scans, the laser is stepped 60 MHz per data point with a 1.5 s integration time per step. N, because of favorable Franck-Condon overlap between the two states. The bond length of the Nz + '2: state ( 1.094 06 A), as determined in this work, is very similar to that of the N, X '"8' state ( 1.0998 A) ,58 making formation of the triplet state facile. The lower state of the alternate transition 311,, has a calculated equilibrium bond length of 1.248 45 A and is not populated efficiently through the vertical electron impact ionization. Not only is the '2: state readily formed through electron impact ionization, but it is also expected to be long lived due to the absence of radiative relaxation to lower-lying N$ + states. Our observation of the 'B + state sets a lower bound on its lifetime at -30 ,us, the flilht time from formation in the ion source to the beginning of the interaction region.
The 311g + 3Xz assignment made for the 15 300 cm -' band is further supported by the ab initio calculations of Senekowitsch et al." and the kinetic energy release measurements of Larsson and co-workers.59 The calculated transition energy of -15 340 cm -' obtained by Senekowitsch et al. for the 311, (u = 0) c '&+ (U = 0) transition is very similar to our experimental band origin of 15 345.933 cm-', while the maximum calculated transition energy possible for the "2, t 311u transition is only -13 100 cm -'. Additionally, Larsson and co-workers have measured the kinetic energy released upon N$ + fragmentation at 15 280.7 1 cm -I. Their value of 7.5 f 0.3 eV is in good agreement with the calculated energy of 7.8 eV for dissociation of the 311s (v = 0) state. For the alternate 3Eg c311U transition, fragmentation from the 3Xg state has a calculated kinetic energy release of only 6.0 eV.
The photofragment spectrum of isotopically labeled N:+ could be used to assign definitively the vibrational numbering of the bands under investigation. In lieu of such data, the vibrational assignment will be determined by combining our data with the results of ab initio calculations" and the spectrum reported by Cosby et a1. 43 The agreement of the ab initio To,, value ( -15 340 cm -' ) for the 3b t'&+ transition with the experimental origin of 15 345.933 cm -' strongly suggests that the 15 300 cm-' band corresponds to a transition between the lowest vibrational levels in both electronic states. Additional information supports this assignment. Let us first consider the vibrational level of the lower state. From the vertical electron impact ionization of ground state N,, the 'Z,t state of Ng + is formed primarily in the u = 0 level for the reasons described earlier. The ab initio vibrational frequency of the '2: state is -2200 cm -'. Therefore, if the band at 15 300 cm-' were originating from v" = 1, a transition originating from vx = 0 would be expected to appear near 17 600 cm -' as an intense triplet-triplet band. In Cosby et al.'s spectrum, however, there is no such feature and we accordingly assign the 15 300 cm -' band as originating from 38,+ (v = 0). For the upper state vibrational assignment, initial electronic structure calculations by Senekowitsch et al." predict that the 311a state supports only one vibrational level. More extensive calculations" result in a 3lIs potential well that is deep enough to support two vibrational levels with an energy spacing of -900 cm -'. The 311g (u = 1) level is calculated to lie close to the threshold for dissociation and display a lifetime broadened energy width of 250 cm -'. Additionally, the calculation predicts that an observed transition to 311, ( v = 1) will be extremely broad and show no resolved rotational structure. The upper state in the 15 300 cm -' band is therefore assigned as the 311s (v = 0) state.
The 13 1OO~rn-~ band
The photofragment spectrum of N$ + collected with l-2 GHz resolution near 13 100 cm -' is composed of a weak band which extends approximately 200 cm -' with dense rotational structure, part of which is shown in Fig. 4 . Coincidence photofragment signals are about one-tenth the intensity of the 15 300 cm -' band, precluding a quantitative rotational analysis. Qualitatively, however, the density of lines is similar to that of the 15 300 cm -' band, indicating that they represent two vibrational bands associated with the same electronic transition. The rotational lines in both resolved bands have the same linewidths, implying a common upper predissociative vibrational level, the 311, (v = 0) state. The energy spacing between the 13 100 and the 15 300 cm -' bands is -2200 cm -', which is in good agreement with the ab initio vibrational frequency of the '2: state. Since the lower state of the 15 300 cm-' band is 38$ (v=O), the structured feature at 13 100 cm -' must be a transition originating in v = 1 of the 'I;,' state. Our estimate of the position of the v = 1 band origin is 13 130 f 20 cm -', resulting in w. = 22 10 f 20 cm -' for the 38,+ state. The reduced intensity of the 13 100 cm -' band compared to the 15 300 cm -' band is consistent with the less favorable formation of the "2: (u = 1) level from the vertical electron impact ionization on N, (v = 0) and the smaller Franck-Condon overlap ofthe311, (v=O) and32z (v= 1) statesofNz+.
3. The 16 400 cm- ' band The diffuse band at 16 400 cm -', which is not shown, but was reported originally by Cosby et a1.,43 was investigat- I " " ". ' " ed under higher resolution (l-2 GHz) and revealed no sharp rotational structure. The overall width of the band is 53 -300 cm -'. The energy spacing between this band and the 15 300 cm-' band is -1100 cm -'. The lack of rotational structure at 16 400 cm -' suggests that dissociation occurs from a short-lived state near the top of the potential bar- cm -'. While our data only allow an approximate value of the vibrational frequency, this estimate indicates that the well depth of the 311s state must be -1650 cm-', rather than the calculated value of -1530 cm-'. A range of fragmentation lifetimes for the 311s (v = 1) state can be determined approximately from the amount of lifetime broadening which would be required to smooth the underlying rotational structure of the 311s (v = 1) + 38,+ (v = 0) transition and still result in an overall bandwidth similar to the 300 cm-' width of the 15 300 cm-' band. If the rotational constants for the v = 0 and v = 1 levels of the 311s state are similar and lifetime broadening of the v = 1 state were negligible, the spectra associated with the 311,(v = l)-"2: (u = 0) transition would have the same dense rotational structure and overall bandwidth as is present in the 15 300 cm -' band. Lifetime broadening of 5 cm -' would be sufficient to blend individual rotational lines into an unstructured band. This corresponds to an upper limit of 1 ps for the predissociative lifetime of the 311s (v = 1) state. To maintain the observed similarity in overall bandwidths for the 15 300 and 16 400 cm -I bands, the predissociative lifetime broadening cannot be greater than about 50 cm -'. This places a lower limit on the v = 1 lifetime of about 100 fs. Thus the predissociative lifetime of the 311g (v = 1) state is estimated to range from -0.1 to 1 ps. rotational states. The 13 constants which characterize the two electronic states are shown in Table I . The standard deviation of the fit is 0.029 cm -', which is within the accuracy of our line position measurements. Since only the lower J values are included in the fit, the centrifugal distortion constant D is poorly defmed. Line intensities yield a rotational temperature of -300 K. The 2: 1 intensity alternation for odd:even rotational levels arising from nuclear spin statistics is observed in all branches and is consistent with a 3II* +-38,+ transition.
At this point, it is appropriate to consider the energy levels and transitions associated with a 311s + 38,+ transition.6' A few rotational levels for each state and several representative transitions are shown in Fig. 6 . In the 38,+ state, every rotational level except N = 0 is split by spin-spin and spin-rotation interactions into three levels, each having total 
Rotational analysis of the 15 300 cm-' band
Despite the spectral congestion of the 15 300 cm -' band, several rotational progressions at the blue end of the spectrum were readily identified with the 2: 1 intensity alternation expected for 14N$ + , as shown in where B is the rotational constant, D is the centrifugal distortion constant, y is the spin-rotation constant, and R is the spin-spin constant. The angular momentum operators are the same as those described above. A 31'1 state is described by the above elements and additional spin-orbit and h-doubling terms63 Hsn = Hsz + A L-S + A-doubling(o,p,q), where A is the spin-orbit constant and p, q, and o are the Adoubling constants.
The ordering of the fine structure components in the 38,+ and 311s states of N: + is determined from combination differences and is consistent with the constants given in Table I. The negative sign of the spin-orbit constant for the 311s state indicates that it is an inverted Il state with the R = 2 spin-orbit component lowest in energye6' Similarly, since the sign of (A -B, ) is negative,(j5 the 38,+ state is inverted with the 38, (F, ) level lower in energy than the 31: f 1 (F, and F3 ) levels.
B. Perturbation of the '8; state
Deviations from predicted transition energies are observed in the 15 300 cm -' band, indicating the presence of a perturbing electronic state. The deviations occur for transitions having N V values ranging from 14 to 24 and are present for transitions involving all three upper state components and all three lower state components. Thus, the perturbing electronic state influences either all three spin-orbit states of the 311g state, or all three spin levels of the "X,+ state. Selection rules for electronic coupling6rVW@ require that the interacting electronic states have the same g or u symmetry and that rotational levels have the same total angular momentum J.
To determine which electronic state is perturbed, combination differences are used to obtain the rotational energy spacings for both the upper and lower states. In Fig. 7 , the deviations of the experimental energy levels from the calculated energy levels (observed -calculated) are shown for both electronic states. The deviations of the 311, state shown in Fig. 7 are for the F, uparity) spin-orbit component. The 32 + deviations are for the F, (e parity) spin component. Thi "2: energy levels are clearly shifted, while those for the 311s state are not. In the '2: F, state, the interaction maximizes between N" = 21 and 22 and shifts these two levels by approximately -6 and + 10 cm -'. Similar deviations are also observed for the Fl and F3 components of the 'Z,+ state. The difference in the rotational constants between "E,+ and the perturbing state initially causes the rotational levels of the '2: state to be shifted to lower energy, then to higher as the two rotational manifolds cross and the interaction maximizes. The direction of the energy level shifts indicates that B perturbing < B+; * From electronic structure calculations," there are two possible electronic states that could perturb the "Z,t statethe 'II" state in u = 1 and the 311, state with uz 10. Both IT states have calculated rotational constants smaller than the '2: state. However, since the energy level shifts in all three '2: spin components maximize between N" = 21 and 22, we expect the 311U state to be primarily responsible for the deviations. Recall that for a given rotational state N, the '22 state has three levels with J = N + 1, N, and N -1 and that perturbation selection rules require AJ= 0. For the three spin levels of the 38,+ state to be perturbed with similar strength and N dependence, the perturbing state must have three closely spaced levels with corresponding J values. The rotational levels of the 'II, state consist of a ladder of A doublets with N = J. Comparison of the calculated energy levels" of the 'II,, state with the experimentally determined 3Z + levels reveals that coupling with each of the '2: spin components would be strongest at different N values, resulting in different strength energy shifts for the different spin levels. Similar energy level calculations for the 311U state indicate that by N = 15, the angular momentum coupling has changed from case (a) to case (b) and the three 311u spinorbit states form a closely spaced energy level multiplet with J = N + 1, N, and N -1. Thus the three spin-orbit levels of the 311,, state in uz 10 can interact effectively with the three 3 spin levels of the 8, + state in u = 0, causing similar deviations of all three energy levels.
Let us now consider the matrix elements that describe the coupling between the 38,f and 311U states. The perturbing Hamiltonian HP,, is given byM
where Ba,s,*l, describes the spin-orbit coupling, L-S is the spin-electronic operator, and J-L is the L-uncoupling operator. The '2: and 311U states are both described by Hund's case (b). The 'Z,t F2 (N = J) state has nonvanishing matrix elements for coupling with all three 311U spin-orbit states. The "2: Fl (N = J -1) state interacts with the 311U Fl (N = J -1) and F2 (N = J) spin-orbit states and the "2: F3 (N = J + 1) state couples with the 311,, F2 (N = J) and F3 (N = J + 1) spin-orbit states. For all three 38,f spin states at a given N value to be affected simultaneously and similarly, the matrix elements which are predominantly responsible for the observed level shifts will be66 ('X,' where g i's the spin-orbit coupling constant and 11 is the electronic-rotation coupling constant. Both constants are defined by Kovacs66 and include overlap of the vibrational wave functions.
To quantify the interaction between the '2: and 3111, states, the observed energy level shifts are modeled using the predominant interactions described above. The perturbed energy levels E * are given by6'
where E, and E2 are the energies of the unperturbed '2: and 311U states, respectively, and W represents the coupling equations described above. The unperturbed '2: energies are determined by Schlapp's equations6' using the constants given in Table I . Neglecting A-doubling terms, the unperturbed 311U energy levels are described by Budk6* The 311,, state has previously not been reported experimentally, so its spin-orbit, spin-rotation, and spin-spin constants are approximated to be the same as the constants for the 311, state, as shown in Table I . The energy difference between the two interacting nonrotating vibrational levels rpert is defined as
Since the rotational constant B for the 311U state and Tpert are highly correlated in the energy level calculation, B is initially held fixed at the ab initio" value of 1.29 cm-I, while TF,., and the perturbation coupling constants g and 7 are fitted using nonlinear least-squares analysis. Energy levels up to N = 24 of all three 38,+ spin states are included in the fit. The results of this fit are illustrated in Fig. 7 cm -'. The coupling constants, which are fairly insensitive to changes in B, are reported as c = 1.5 f 0.1 cm -' and 7j =0.220 f0.003 cm-'. Using the above values for B, TKti, {, and 7, we calculate the energy level shifts for all three '2: spin states. These are shown in Fig. 7 for the F, state. The calculations reproduce the overall N dependence of the shifts for all three spin state-s. There is little coupling influence occurring at low N, the coupling begins to shift the 38,+ levels to lower energy near N = 13, and the interaction maximizes between N = 2 1 and 22, where the direction of the level shift changes sign. In the region of strongest coupling, however, the calculated levels may differ from the observed levels by -20%. This is reasonable since there are other coupling contributions present which are not being taken into account in our simplified two-level model. Predissociation of dications may proceed either by tunneling through the Coulombic barrier, or by electronic coupling with a nearby repulsive state. Most fragmentation studies'"" on dications have attributed the predissociation to tunneling, although often without detailed lifetime measurements. Tunneling lifetimes depend on the position of the rotational level relative to the top of the barrier and will exhibit a strong rotational state dependence. The rotational dependence of predissociation lifetimes for dications which is characteristic of tunneling has not yet been observed. On the other hand, lifetimes due to predissociation through electronic coupling will depend on the specific details of the interaction. The electronic coupling operator which leads to predissociation is the same as that for perturbations. Therefore, the same general selection rules apply, namely that the two electronic states have the same g or tl symmetry and that the interacting rotational levels have the same total angular momentum. For coupling between two discrete levels, the strength of the interaction is inversely proportional to the energy difference between the two interacting states and varies strongly as a function of rotational state. For coupling between a discrete state and a continuum state, however, the interaction strength depends on the overlap of the discrete and continuum wave functions and may not exhibit strong rotational state dependence. To date, the only evidence for predissociation of dications by electronic coupling has been reported by Cosby et al. 43 for the fragmentation of the 'll, (u=6) stateofN:+. In their spectrum for fragmentation from the v = 6 level, thef parity rotational levels are predissociated selectively by coupling with a repulsive '2; state. Thus, the Pand R branches are present in the photofragment spectrum, while Q branches are not.
To explore the details of the predissociation of Ni + from the 'II, (v = 0) state, accurate line shapes for a number of individual rotational levels have been obtained with a single mode laser configuration. The lifetime 7, in seconds, of a predissociating rotational level is inversely proportional to the Lorentzian linewidth l? in the photofragment spectrum, as given by
where c is the speed of light in cm/s and r is the full width at half-maximum (FWHM) in cm-I. Since the Doppler broadening was negligible, lifetimes were obtained by fitting isolated rotational lines to a Lorentzian line shape, as shown in Fig. 8 for N' = 5 ( + e level) of the F, spin-orbit component. The Q, 1 (5) peak has a linewidth of 0. lO( 1) cm -' which corresponds to a lifetime of 52 f 6 ps. To ensure that saturation effects were not influencing the line shape, the photofragment coincidence signal for the Q, 1 (9) transition at 15 293.85 cm-' was monitored as a function of laser power. The photofragment coincidence signal decreased linearly with laser power and had a zero intercept, indicating that the molecular absorption was not saturated and power broadening effects were not important at the laser power employed in these studies.
While it is preferable to measure linewidths for every rotational level and every A doublet in the 311s state, spectral congestion and reduced signal of the ring laser scans make this impractical. However, linewidths have been measured for many isolated lines to include all three spin-orbit states and both A doublets. Linewidths corresponding to predissociation from 21 individual rotational levels, ranging from N' = 2 to 17 have been measured. For the F, (e level) spinorbit component, lifetimes range from 52 + 6 ps for N' = 5 to 44 f 6 ps for N ' = 17. The F2 (f level) spin-orbit component has lifetimes that range from 78 f 6 ps for N' = 8 to 50 f 6 ps for N' = 17. Lifetimes for the F3 (e level) spinorbit component range from 60 f 6 ps for N' = 5 to 46 f 6 ps for N ' = 17. In cases where linewidths for the corresponding A doublets could be measured, no significant differences between the e and f levels were observed. A single mode scan from 15 35 1.7 to 15 354.1 cm -' is shown in Fig. 9 , illustrating the similarity in linewidths for predissociation from the different spin-orbit states and different rotational levels. The R,, ( 11) transition and the Q,, ( 11) ence. In comparison, the tunneling lifetimes calculated by Senekowitsch et aLlo for the v = 0 level show a dramatic rotational state dependence with lifetimes decreasing by a factor of 10 as N' increases from 1 to 19. The lack of rotational dependence in the experimentally determined lifetimes indicates that the predominant predissociation channel for the 'III, (v = 0) state is not a tunneling one, but rather there must be an electrostatic interaction leading to predissociation. Especially noteworthy is that the higher rotational levels are longer lived than is predicted by tunneling. Since the measured lifetimes are longer than calculated," the metastable well in the 311s state must be deeper than the calculated -1530 cm -', which is consistent with our spectroscopic results.
The Kinetic energy release measurements can be used in conjunction with photofragment studies to determine the relative energy spacings between the singlet and triplet states ofN;+. Larsson and co-workerss9 have measured the kinetic energy released upon dissociation of Ng + from the 311, (v = 0) state and the 'II, , (v = 6) state. From kinetic energy release data, they finds9 that the 311, (v = 0) state is 7.5 f 0.3 eV above the dissociated fragments and the 'II, (v = 6) in good agreement with the experimentally determined spacings.
The kinetic energy release from the 'II, (v = 7) state has also been reported by Cosby eta1.43 Combined with their spectral data, their kinetic energy release of 7.3 f 0.2 eV places the '&+ (U = 0) state at 4.8 f 0.2 eV relative to dissociation, about 0.7 eV higher than Larsson's measurement of 4.1 f. 0.3 eV. The reason for this discrepancy is not clear. However, since Larsson's experiment includes kinetic energy release measurements for both transitions using the same apparatus, we use his data in the determination of the relative energy spacing between the '8: and 38,+ states, as described above.
IV. SUMMARY
The low-lying quasibound singlet and triplet states of Ns + and the associated vibrational levels which have been studied spectroscopically are summarized in Fig. 11 and represented by solid lines. The dotted curves are calculated potentials for states that are significant to the triplet state transition presented here. The potential energy curves are determined by the ab initio calculations of Senekowitsch et aZ. 'O and have relative energies between the singlet and triplet states which are consistent with the kinetic energy release measurements of Larsson and co-workers." The vibrational spacings shown have been determined experimentally. The 'lIU (v=6, 7, and8) tX'ZB+ (v=O, l, and2) transitions have been reported previously by Cosby et al.43 and by Masters and Sarre." From the results presented here, three vibrational bands in the photofragment spectrum of N: + are associated with transitions between the "&j+ (U = 0 and 1) and 311s (U = 0 and 1) states. These bands represent transi- Linewidth measurements for fragmentation from individual rotational levels in the 311s (u = 0) state yield predissociation lifetimes which range from 50 to 70 ps for N' = 2-17. The lack of rotational dependence in the predissociation lifetimes indicates that tunneling through the Coulombic barrier does not explain the observed lifetimes of the 311s (u = 0) state. Rather, dissociation occurs by electronic coupling with the repulsive part of the nearby "2; state. For rotational levels N' > 10 in the 311g (u = 0) state, the calculated tunneling lifetimes are shorter than the experimentally observed lifetimes, indicating that the actual potential barrier is wider at the u = 0 level than is calculated. The discrepancy of the experimental lifetimes and vibrational spacing for the 311g state with the theoretical values" illustrates that the calculation of potential energy curves for weakly bound dication states is unusually sensitive to factors such as basis set size and electron correlation. Electronic coupling between the 'Z,+ (u = 0) state and the nearby 311U ( uz 10) state results in a perturbation in the rotational spectrum of the 311s (u = 0) -'I;:
(u = 0) transition. The vibrational level of the perturbing 311u state is estimated from ab initio calculations." The coupling maximizesbetweenN c = 21 and22 with6-IOcm-'energy shifts in the perturbed levels of the three spin states. The coupling is modeled using two-level interactions and nonlinear leastsquares fitting results in B = 1.29 -& 0.05 cm -' and T = 365 & 25 cm-' for the 311U ( uz 10) state. The spinor<% and rotation-electron coupling constants between the "Zz (u = 0) and 'II, (u=: 10) states are determined to be ~=1.5f0.1cm -'and~=0.220f0.003cm-'. 
